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Abstract The role of surface heat fluxes underneath cold pools is investigated using cloud-resolving
simulations with either interactive or horizontally homogenous surface heat fluxes over an ocean and a
simplified land surface. Over the ocean, there are limited changes in the distribution of the cold pool
temperature, humidity, and gust front velocity, yet interactive heat fluxes induce more cold pools, which are
smaller, and convection is then less organized. Correspondingly, the updraft mass flux and lateral
entrainment are modified. Over the land surface, the heat fluxes underneath cold pools drastically impact the
cold pool characteristics with more numerous and smaller pools, which are warmer and more humid and
accompanied by smaller gust front velocities. The interactive fluxes also modify the updraft mass flux and
reduce convective organization. These results emphasize the importance of interactive surface fluxes instead
of prescribed flux boundary conditions, as well as the formulation of surface heat fluxes, when

studying convection.

1. Introduction

Rain falling from convective clouds evaporates and generates a cold unsaturated downdraft [Betts and Silva Dias,
1979]. As this air encounters the surface, it spreads out horizontally as a density current [Lafore and Moncrieff,
1989; Xu and Moncrieff, 1994; Grandpeix and Lafore, 2010], named cold pool, the gust front of which can lift air
and generate updrafts. The efficiency of this lifting mechanism depends on the characteristics of the cold pools,
and the resulting updrafts can help trigger [Moncrieff and Liu, 1999; Khairoutdinov and Randall, 2006; Bing et al.,
2012; D'Andrea et al., 2014], maintain, and organize convection [Liu and Moncrieff, 2004; Béing et al,, 2012;
Jeevanjee and Romps, 2013; Feng et al., 2015; Muller and Bony, 2015]. Cold pools trigger convective updrafts
through either mechanical forcing at their gust front or through thermodynamic forcing at their edge, which
is typically moister than the rest of the cold pool [Schlemmer and Hohenegger, 2015], or through a combination
of both [Li et al., 2014; Jeevanjee and Romps, 2015; Torri et al., 2015]. As such, cold pools are an essential component
of our understanding of convection and convective aggregation.

As cold pools spread, the cold air overlays a warmer surface and this generates substantial turbulent instability
near the surface, which intensifies the surface sensible and latent heat fluxes [Ross et al., 2004]. The resulting
stronger heat fluxes underneath cold pools can erode the density anomaly of the cold pools and potentially
facilitate their death [Qian et al., 1998; Ross et al., 2004]. On the other hand, the reduced cold pool density
anomaly diminishes the gust front velocity and spreading [Simpson, 1969]. This, in turn, limits turbulent mixing
of cold pool air with the environment [Simpson, 1969], which reduces the cold pool warming and moistening by
mixing, and slows down the cold pool death. Thus, the reduced mixing competes with the surface heat fluxes
for the cold pool life cycle.

If surface fluxes modify cold pool characteristics, such as their number, area, temperature, and humidity
anomalies, this could potentially alter the generation of new convective cells and could also impact the
updraft entrainment, since the organization of the subcloud layer by cold pools results in wider updrafts that
entrain less [Betts, 1984; Khairoutdinov and Randall, 2006; Schlemmer and Hohenegger, 2014]. To our knowl-
edge, there are only limited studies discussing the surface heat flux heterogeneities underneath cold pools
[Qian et al., 1998; Ross et al., 2004]. The aim of the present study is thus to answer the following two questions:
(1) What is the role of surface heat fluxes on the characteristics of cold pools over an oceanic and continental
surface? (2) How do changes in cold pool characteristics influence convective updrafts, entrainment, and the
organization of convection? To investigate these questions, we perform cloud-resolving simulations of cold
pools over oceanic and land surfaces with and without interactive surface heat fluxes.
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2. Method
2.1. Model

We use the System for Atmospheric Modeling, version 6.10.8 in cloud-resolving model mode [Khairoutdinov
and Randall, 2003], which solves the anelastic equations of motion. Doubly periodic boundary conditions are
applied in the horizontal. A sponge layer is used in the upper third part of the domain to damp gravity wave
reflection. A 1.5 order closure prognostic turbulent kinetic energy scheme is used for subgrid-scale parame-
terization. We use the Morrison scheme with binned microphysics [Morrison and Gettelman, 2008]. A 500 m
grid size is used in the horizontal. The vertical grid size increases from 20 m at the lowest level to 704.5m
at the highest, with 20 grid points below 1km to better resolve the boundary layer. The computational
domain consists of 256 x 256 x 64 grid points and covers 128 x 128 x 17.8075 km®. The time step is 10s 50
as to ensure that the Courant-Friedrisch-Lewy condition (<0.7) is satisfied during the entire simulation.

Here we focus on cases of convection without important shear and we purposely do not consider mesoscale
convective systems and squall lines since they are very much influenced by the position and intensity of
shear [Weisman and Rotunno, 2004], which strongly complicates the life cycle and propagation of cold pools.
The initial sounding, large-scale conditions, and radiation are taken from the GARP Atlantic Tropical
Experiment averaged over the period 30 August to 18 September 1974 [Betts, 1974] without vertical wind
shear (Tables S1 and S2 in the supporting information). Radiation is prescribed and held constant throughout
the 48 h simulation. The main characteristics of the simulations are summarized in Table S3. We remove the
diurnal cycle since our interest is not in the radiation-induced changes of surface temperature. In the absence
of very large convective systems, the radiation effect of individual clouds on surface temperature is relatively
minor [Lohou and Patton, 2014]. Finally, we compute the updraft mass flux on parcels with condensation

(larger than 0.01 gkg™") and with vertical velocity above 0.1m s

To assess the role of surface heat fluxes on cold pools, four types of simulations are performed: an oceanic
(OCEAN) and a land scenario (LAND), each with either interactive surface fluxes (INT)—computed using
Monin-Obukhov stability functions [Businger et al., 197 1]1—or fixed surface fluxes (FIX), homogenous in the hor-
izontal. The FIX runs use the time- and domain-average surface fluxes from the corresponding INT run (either
OCEAN or LAND), so as to ensure that the FIX and INT simulations have the same mean surface heat fluxes.

The roughness length is set to 0.001 m for the OCEAN scenario and 0.035 m for the LAND. For the INT case, sea
surface temperature is prescribed to 300K over the ocean. The land surface is represented as a saturated
surface (swamp) using an ocean mixed layer model with an inertia equivalent to 0.05m of water [Cronin and
Emanuel, 2013]. The surface temperature over land is relaxed to 300 K with a 30 min time scale to allow for realistic
buildup of cold pool-induced surface heterogeneities and also to avoid substantial temporal changes in the
domain-average surface temperature. For the FIX cases, the surface sensible and latent heat fluxes in the
OCEAN runs are set to 8.79 and 556 W m ™2, respectively, and to 13 and 1648 Wm™2 for the LAND runs. A
summary of the statistics of sensible and latent heat fluxes below cold pools in the INT cases is presented in
Table S4 (supporting information).

To obtain reliable statistics, 16 ensemble members are generated for each simulation by perturbing the initial
conditions using different seeds for the random number generator. We tested the resolution sensitivity of our
results by changing the horizontal grid spacing to 250 m and 1 km and doubling the vertical resolution, and
we did not find any significant changes in our conclusions. Cold pools and updrafts statistics are computed
every 6 h on the model output snapshots across the 16 ensemble members. Since most cold pools die in less
than 6 h (see Figure S1), this choice of sampling frequency seems adequate.

2.2. Cold Pool Identification and Characteristics

Cold pools are identified using virtual temperature T,—a quantity directly related to air density—at the first
model level [Torri et al., 2015] (Figure 1a). Cold pool regions are determined using a k mean unsupervised
image segmentation based on two clusters, cold pools and environment (Figure 1b). Each cold pool region
is given a unique identification number (ID) (0), so that its individual characteristics can be analyzed. The algo-
rithm performs a breadth-first search [Skiena, 2008] to determine all the pixels that are 4-connected to an
initial pixel within the cold pool cluster. When the search is terminated, the algorithm recognizes the subset
of connected pixels as a single cold pool and assigns an ID number to each subset. Cold pools with radii smal-
ler than 3 km are considered too small and are discarded from the analysis. Finally, we compute the area,

GENTINE ET AL.

SURFACE FLUXES UNDERNEATH COLD POOLS 875



@AG U Geophysical Research Letters 10.1002/2015GL067262

Ocean GATE Interactive Fluxes after 24 hours . d the hori |
Potential temperature at lowest model level T, K perimeter, and the horizontal-mean

N e — - 301 temperature and humidity anomalies of

each cold pool. The mean gust front velo-

city, ¢,, along each cold pool perimeter /

.99 IS computed using Gauss’ theorem,
assuming no fluid flow across the
boundary (a reasonable assumption in
the horizontal):

1 ¢l =$c.dl = [[V-uyds, M
i s

300

with uy the horizontal wind and S the cold
pool area. The divergence is computed
using a finite difference approximation.

x [km] 2.3. Entrainment Analysis

Cold pool ID D To understand the impact of changes in
) 3 cold pools on the updraft characteristics,
40 we use the isentropic analysis of Kuang
and Bretherton [2006], which highlights
the entrainment-dependent mass flux
changes. This method uses a near-
64 128 192 256 conserved thermodynamic variable, the
frozen moist static energy (hereafter,

Figure 1. Snapshot of (top) surface virtual temperature after 24 h of MSE), thpT+ 9z+L,gy —Lrgr, with G
simulation in the OCEAN case with interactive INT fluxes; k clustering the dry air specific heat, T the air tem-
image classification based on two clusters corresponding to the perature, g the gravitational acceleration,
(middle) environment (0 flag) and cold pools (1 flag); and (bottom) cold | and Ly the latent heat of vaporization
pool ID number based on the above classification. Only cold pools larger
than 3 x 3km? are kept in the cold pool ID analysis.

and freezing, and g, and g; the specific
humidities of water vapor and ice. MSE
is conserved under vapor-liquid phase
transitions and during the production and evaporation of ice and the removal (or addition) of liquid
precipitation. It is not conserved under the removal of ice, but the overall impact is small [Kuang and
Bretherton, 2006].

The vertical gradient of a conserved updraft scalar y, assuming a steady state plume entraining environmental
air scalar with value wen, at a constant rate € and with a source per unit height S, is

oy,
6Zu = e(‘//env - l//u) + S'V' @

Assuming that S,,=0 and that the updraft coverage is small—so that y.,,~, the horizontal mean—this
equation can be integrated from cloud base (defined as the height of lowest cloud fraction maximum) to a
height z, assuming that the entrainment rate is constant in height, to yield

v, (2) = (p, (LCL)e™ ™ + [[ e (2 )e dz )e =, ?3)

where LCL is the cloud base altitude and y(Lifting Condensation Level) is taken as the mean y, across all updrafts at
the LCL, as variations in y, are only minor at the LCL [Kuang and Bretherton, 2006]. Therefore, each entrainment rate €
defines an updraft MSE profile. We bin the entrainment rates according to 10~ (in m ™), with x ranging from 2.3 t0 6
with 0.025 increments, and compute the corresponding vertical profiles of ,(z) (Figure 2 (top), dashed yellow lines).

3. Results

3.1. Changes in Cold Pool Characteristics

In the OCEAN INT case, most cold pools are smaller than 500 km? (Figure 3a). The surface virtual temperature
T, anomaly is nearly normally distributed (Figure 3c), with mean —0.8 K, standard deviation 0.19K, 0.0044
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Figure 2. Time averaged: (top) mass flux binned based on MSE and height for the interactive INT case for the (left column)
OCEAN and (right column) LAND cases. Black areas denote mass flux bin less than 1074 kg m 25 " bin~'. Data were
binned based on 0.1 K MSE increments along the x axis and according to the model resolutlon in the vertical. Yellow dashed
lines representing binning of fractional entrainment rates with sampling based on 10® " with bin ranging from 2.5 to 5
with 0.1 increments. Note that the mass flux is small right above the LCL in the OCEAN case. The white line represents the
mean horizontal MSE value (mlddle) Mass flux binned as a function of the entrainment rate and height. A fractional
entrainment b|nn|ng of 10 ", with bin ranging from 2.5 to 5 with 0.1 increments, was used. Black areas denote mass flux
bins less than 10 kg m 25" bin" ', and upper right mass flux areas have magnitude less than 107° kg m~2s ' bin""
(bottom) Difference in mass ﬂux between the fixed and interactive cases binned as a function of height and entrainment
rate (assumed to be constant in the bulk plume model). The same entrainment binning was used.

skewness (0 for a normal distribution), and 2.6 kurtosis (3 for a normal distribution). The gust front velocity
is typically less than 1.5ms ™", with a mean of 0.55 m s~ ' and a standard deviation of 0.29 ms~' (Figure 3b).
The specific humidity distribution is narrow and ranges from —1 to 0.3gkg ™', with most of the values

clustered around —0.4gkg™" (Figure 3d) and a mean and standard deviation of —0.38gkg™" and
0.15gkg™", respectively.

Over the OCEAN, cold pools in the INT case tend to be smaller (Figures 3a and 3e), as the increased heat flux
heterogeneities reduce the density anomaly of the cold pools compared to the environment (Figure 3g) and,
therefore, the strength of the gust front and horizontal spreading of the cold pools [Emanuel, 1994; Grandpeix
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Figure 3. Cold pool statistics (area, gust front velocity, density temperature anomaly, and water vapor anomaly) pdf (bins)
and cdf (continuous lines) for the OCEAN with (a—d) interactive INT fluxes and (e-h) fixed FIX fluxes based on the 16
simulations sampled every 6 h after an equilibrium is reached. Green line corresponds to the cdf of the interactive INT run,
and red line corresponds to the fixed FIX runs.

and Lafore, 2010]. As a result, cold pools in INT are fairly confined yet more numerous (8 versus 5.6 cold pools
on average at each time step), which reduces convective organization in INT. The overall probability distribu-
tion function (pdf) of the gust front velocities is very similar in the FIX and INT cases over the OCEAN
(Figures 3b and 3f). We argue that this is because in the FIX case there are more large cold pools
(Figure 3a). These large pools have smaller gust front velocity than smaller, younger, ones (not shown), since
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the initial downdraft buoyancy is reduced during the horizontal spreading and entrainment of the cold pools.
In fact, there are no systematic differences in the pdfs of the MSE (Figure S3) and area (Figure S4) of the
downdrafts between the INT and FIX cases, which suggests that changes in the cold pool characteristics have
to be the results of the fluxes underneath.

Over the OCEAN, as expected, cold pools are generally more humid in the INT case than in the FIX one
(Figures 3d and 3h). Cold and dry air ventilation from the unsaturated downdrafts increases the specific
humidity gradient at the surface, which, in the INT case, leads to substantial increase in latent heat fluxes
underneath each cold pool. As a result, the specific humidity of the cold pools rises and the pdf of cold pool
humidity shifts toward higher values, with a mean specific humidity anomaly of —0.38gkg™" in INT and
—0.42gkg™" in FIX. The distribution also becomes narrower—with standard deviation of 0.15gkg™" in INT
versus 0.2gkg ™" in the FIX case (Figure 3h). Interestingly, the differences in the pdfs of temperature and
humidity anomalies between the INT and FIX cases are nonetheless relatively small (Figures 3g and 3h), even
though the number of cold pools and their size distributions are drastically affected (Figures 3a and 3e). This
suggests that there is a compensation effect in the pdfs due to the presence of many large cold pools in the
FIX case. Indeed, large cold pools have smaller (in absolute terms) temperature and humidity anomalies
because of the spreading of the initial unsaturated downdraft anomaly over a wider distance and because
of the continuous mixing with environmental air occurring at the cold pool edges [Simpson, 1969]. This
mixing nearly compensates for the decreased heat fluxes below the cold pools in the FIX case. As a result,
the pdfs are quite similar in FIX and INT. In other words, the spreading and mixing with environmental air
in FIX increase the temperature and humidity by a comparable amount to that induced by surface flux
heterogeneity underneath the (smaller) cold pools in INT.

In the LAND scenario, the virtual temperature anomalies are reduced in the INT case, with a mean of —0.77 K
(Figure 4c), compared to —0.95 K in the FIX case (Figure 4g). Furthermore, in INT very few cold pools exhibit a
surface T, anomaly lower than —1.1 K, whereas in FIX the anomaly can reach as low as —1.5K. This reduced
buoyancy anomaly (in absolute value) is the result of the intense buoyancy flux underneath cold pools in
the INT case (Table S4). In turn, the increased surface buoyancy flux reduces the strength of the density cur-
rent [Emanuel, 1994; Qian et al., 1998; Grandpeix and Lafore, 2010], as evidenced by the change in the gust
front velocity distribution (Figures 4b and 4f). The gust front is substantially faster in the FIX case
(Figure 4f), with many values above 0.5 m s~ ' which are absent in the INT case. The pdf differences of the cold
pool areas between the FIX and INT cases are much more pronounced over LAND than over the OCEAN, with
nearly no cold pools larger than 500 km? (Figures 4a and 4e) present in the INT case. In the FIX case, 20% of
the cold pools are larger than 500 km? (Figure 4e). Because of the larger and less numerous cold pools,
convection is more organized in the FIX case (not shown).

Similar to the OCEAN scenario, over LAND there are fewer cold pools in FIX (average of 5.6) than in INT
(average of 11.15). The larger cold pools present in FIX are associated with smaller gust front velocities
(not shown), as discussed for the OCEAN scenario. Unlike the runs over the ocean, however, the distribution
of gust front velocities in the INT case is concentrated around smaller values than in the FIX case (Figures 4b
and 4f). We attribute this to the large surface buoyancy fluxes—reaching as high as 400 W m ™2 in the LAND
INT case and only 180 W m™2 in the OCEAN INT—which rapidly diminish the cold pools’ density anomalies.
Notice that this rapid recovery is also facilitated by the smaller size cold pools in the INT cases (Figures 4a
and 4e). In other words, over LAND the cold pool warming and humidification by spreading and mixing with
environmental air in FIX are much smaller than the warming and humidification by surface flux heterogeneity
underneath cold pools in INT, whereas they were comparable over the OCEAN.

3.2. Changes in Entrainment

As cold pools organize the subcloud layer, they can modify the updraft sizes, their entrainment rate
[Tompkins, 2001; Khairoutdinov and Randall, 2006; Kuang and Bretherton, 2006; D’Andrea et al., 2014;
Schlemmer and Hohenegger, 2014] and the number of updrafts. Thus, changes in the cold pool characteristics
could translate into modifications of the updraft mass flux and entrainment rates. To understand the reason
behind the mass flux changes, we tagged the individual updrafts using the same identification algorithm we
used for the cold pools (section 2.3) and computed the average area and MSE of updrafts at the LCL on the
model snapshot every half hour for the last 6 h of the simulations.
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Figure 4. Same as Figure 2 but for the LAND case.

Overall, the LAND updrafts have higher MSE than their oceanic counterparts (Figure 5), mostly because of the
higher surface heat fluxes (Table S4) [Gentine et al., 2013a, 2013b]. This is evidenced by the typically larger
updraft MSE values over LAND (Figure 5). We note that there are only minor changes in the environmental
MSE between the two scenarios. The corresponding updraft mass flux is more intense over LAND for any
entrainment rate (Figure 2). One of the reasons for this higher mass flux is that the boundary layer is deeper
over LAND so that the kinetic energy of the updrafts at cloud base is higher than over the OCEAN, since
updrafts accelerate more in a deeper boundary layer [Gentine et al., 2013a, 2013b].
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Figure 5. Time-averaged (every 30 min for 6 h) distribution of individual updraft MSE at the LCL for the (top) interactive INT
and (middle) fixed FIX cases (middle) and their (bottom) differences FIX — INT for the (left column) OCEAN and (right column)
LAND cases.

Over the OCEAN, the mass flux is larger in FIX for most entrainment rates (Figure 2, bottom), except for the
taller clouds (>6km) and lowest entrainment rates (<0.3km™"). The mass flux increase is due to the
increased number of small area (Figure S2) and low-MSE updrafts (Figure 5). Over LAND, the mass flux is
more intense in FIX for the higher entrainment rates e > 0.8 km™", corresponding to shallower convection.
Those changes are due to the increase in the number of small (Figure S2) and low-MSE updrafts (Figure 5)
in FIX. On the other hand, the mass flux is reduced in FIX for the lower entrainment rates € < 0.8 km ™", cor-
responding to higher reaching updrafts. This is to be attributed to the increased MSE of the most energetic
updrafts in FIX (Figure 5). We suspect that this is due to the increased organization of convection in FIX,
which generates more intense thermodynamic anomalies of updrafts [Schlemmer and Hohenegger, 2015;
Torri et al., 2015].

The number of updrafts increases in FIX, especially over LAND, (Figures 5 and S2) as the triggering of new
updrafts is increased by wider cold pools. Homogenization of the surface fluxes in the FIX case increases
the number of small updrafts (Figure S2) because of the increased intensity of the gust front in FIX, which pro-
duces a stronger mechanical lifting of air at the edge of the cold pool [Jeevanjee and Romps, 2015; Torri et al.,
2015] and generates updrafts with higher kinetic energy [Grandpeix and Lafore, 2010]. No noticeable differ-
ence is seen for the large updrafts (>10 km?) in FIX over the OCEAN, but a slight increase in the number of
large updrafts is observable over LAND (Figure S2). The number of low-MSE updrafts increases in FIX over
both the OCEAN and LAND (Figure 5). Over LAND, the high-MSE updrafts are more numerous in INT
(Figure 5). This increase in higher-MSE updrafts is most likely due to the higher MSE of environmental air
in INT, induced by the higher surface fluxes around the cold pools. This air, in turn, directly feeds the updrafts,
especially the shallow ones (Figure S2).

4. Conclusions

We have investigated the role of surface heat fluxes underneath cold pools using cloud-resolving simulations
over an ocean and an idealized land surface, with either interactive or prescribed homogenous surface heat
fluxes. We have shown that, over the ocean, there are limited changes in the pdfs of temperature, humidity,
and gust front velocity of the cold pools. Nonetheless, the surface heat fluxes underneath cold pools drastically
limit the number of large cold pools (>500 km?) and induce more, smaller cold pools, reducing convective
organization. As a result, the updraft mass flux, MSE, and lateral entrainment are impacted.

Over land, the heat fluxes underneath cold pools generate more numerous and smaller cold pools, which are
warmer and more humid, and have smaller gust front velocities. The updraft mass flux and the lateral entrain-
ment are also substantially affected. The interactive fluxes underneath cold pools reduce the updraft mass
flux. In addition, convective organization is reduced in the interactive flux case.
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These results emphasize the important role of interactive surface fluxes underneath cold pools when study-
ing deep convection. Deep convection over land surfaces is drastically affected by surface heterogeneity
underneath cold pools, which highlights the complication of studying convection over land surfaces. We per-
formed a sensitivity analysis to the Monin-Obukhov stability function by changing the sensitivity to the
Obukhov length in the stability functions, which regulate the heat flux response to surface instability.
These changes in the stability functions also drastically altered the cold pool and convection characteristics,
especially over the land surface. An important conclusion is thus that surface roughness and the parameter-
ization of surface heat flux and stability functions can have a nontrivial impact on deep convection character-
istics through modification of the cold pool characteristics. In shallow convection, interactive surface fluxes
should be less important since surface fluxes are more homogenous in the horizontal as they are typically
not interacting with cold pools. Shear and the diurnal cycle over land could modify some of the conclusions
presented here as they will affect convective organization and the size, life cycle, and propagation of cold
pools. Shear, in particular, is nontrivial as its position and strength modify the cold pool characteristics.
This would substantially complicate the analysis of cold pools so that new tools would need to be introduced
to investigate their characteristics.
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